CaMKII is a serine/threonine protein kinase consisting of 12 subunits [@R1]. Each subunit is activated by the association of Ca^2+^ bound Calmodulin (Ca^2+^/CaM). When a CaMKII subunit is autophosphorylated at site T286, its activity can be maintained after the dissociation of Ca^2+^/CaM [@R2]. It has been suggested that CaMKII activation in postsynaptic density (PSD) may persist long-term (more than hours) to maintain LTP [@R2]. CaMKII interacts with several ion channels including the NR2B subunit of NMDA receptors (NMDARs) [@R3] and voltage sensitive calcium channels (VSCCs) [@R4], suggesting that CaMKII activation may be initiated within the nanodomains of these channels to produce channel-specific signalling. However, at the level of single synapses it is unknown whether CaMKII activation is channel-specific, to what degree CaMKII activation is compartmentalized, and if it persists in the stimulated spine during LTP.

To measure CaMKII activation in spines, we developed a fluorescence resonance energy transfer (FRET)-based CaMKIIα sensor by modifying the previously reported CaMKIIα sensor, Camuiα, in which the N- and C-termini of CaMKIIα are labeled with donor and acceptor fluorophores [@R5]. To optimize the sensitivity and brightness, we used the FRET pair of monomeric enhanced green fluorescent protein (mEGFP) [@R6] and REACh, a non-radiative YFP variant [@R7] (Green-Camuiα), and measured FRET using 2-photon fluorescence lifetime imaging microscopy (2pFLIM) [@R8]-[@R10]. The activation of Green-Camuiα should change the conformation of CaMKIIα to the open state where its kinase domain is exposed [@R1], thereby decreasing FRET and increasing the fluorescence lifetime of mEGFP ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). We confirmed that Green-Camuiα is incorporated into a CaMKII dodecameric holoenzyme, and the fluorescence lifetime of Green-Camuiα reports CaMKII activation associated with T286 phosphorylation as well as Ca^2+^/CaM binding (Supplementary Note). We biolistically [@R11] transfected CA1 pyramidal neurons in hippocampal cultured slices with Geen-Camuiα and mCherry. The expression level of Green-Camuiα was estimated at 25 - 50 % of the level of endogenous CaMKIIα subunit, and the endogenous concentration of CaMKIIα subunit was estimated to be ∼10 - 100 μM ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}, Supplementary Note).

CaMKII activation during structural plasticity of dendritic spines {#S1}
==================================================================

Using this technique, we imaged CaMKII activation during structural plasticity of dendritic spines, which is considered to be associated with LTP[@R12]-[@R14] ([Fig. 1](#F1){ref-type="fig"}). To induce synapse-specific structural plasticity, we applied a low frequency train of 2-photon glutamate uncaging pulses (45 pulses at 0.5 Hz) to a single dendritic spine in zero extracellular Mg^2+^ [@R13], [@R14]. The spine volume increased quickly following glutamate uncaging by 376 ± 68 % ([Fig. 1c,e](#F1){ref-type="fig"}) and relaxed to an elevated level at 104 ± 21 % for more than 30 minutes ([Fig. 1c,f](#F1){ref-type="fig"})[@R13], [@R14]. The structural plasticity was associated with accumulation of Green-Camuiα in the stimulated spines roughly proportional to the volume change ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}) [@R15]. Structural plasticity of dendritic spines was abolished by blocking NMDARs (100 μM AP5) [@R13] ([Fig. 1c,e,f](#F1){ref-type="fig"}). CaMKII inhibitor (10 μM KN62) partially inhibited the sustained structural plasticity ([Fig. 1c,f](#F1){ref-type="fig"}), but not appreciably the transient phase ([Fig. 1c, e](#F1){ref-type="fig"}), suggesting that the activation of CaMKII is required for the maintenance of the spine volume change [@R13]. Overexpression of the T286A mutant of Green-Camuiα reduced the sustained spine enlargement ([Fig. 1c, f](#F1){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}), demonstrating that this mutant acts as dominant negative. Because the overexpression level of T286A mutant is relatively small (10 - 20 %; Supplementary Note), inhibiting autophosphorylation of T286 in relatively small fraction of CaMKII subunits in a holoenzyme may be sufficient for inhibiting structural plasticity. This result is consistent with previous studies reporting that LTP is attenuated in T286A heterozygous knockout mice [@R16].

During structural plasticity, the activity of CaMKII, as measured by the fluorescence lifetime of Green-Camuiα, increased rapidly ([Fig. 1a, b](#F1){ref-type="fig"}). The activity was restricted to the stimulated spines, and did not spread into dendrites nor adjacent spines ([Fig. 1a,b,d](#F1){ref-type="fig"}). Activation of CaMKII preceded the enlargement of spine volume, suggesting that CaMKII triggers molecular processes that lead to the structural plasticity ([Fig. 1a,b,c](#F1){ref-type="fig"}). The NMDAR blocker AP5 inhibited the fluorescence lifetime change, indicating that CaMKII is activated by Ca^2+^ from NMDARs ([Fig. 1b,d](#F1){ref-type="fig"}). The CaMKII inhibitor KN62 decreased the fluorescence lifetime change by 40 % ([Fig. 1b, d](#F1){ref-type="fig"}). The T286A and T305D mutant sensors reported less activation, suggesting that the binding of calmodulin and phosphorylation of T286 is required for the full activation of CaMKII in spines ([Fig. 1b, d](#F1){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

Mechanisms of spine specific CaMKII activation {#S2}
==============================================

In general, the degree of compartmentalization of CaMKII activation is determined by two factors: the inactivation time constant of CaMKII activity and the mobility of CaMKII [@R10], [@R17]. Thus, we measured these parameters to study the mechanisms by which CaMKII activation is restricted. First, to measure the kinetics of CaMKII precisely, we imaged CaMKII activity with higher temporal resolution (2 s) in response to a brief train of glutamate uncaging pulses (0.5 Hz, 8 pulses in zero extracellular Mg^2+^). The activation of CaMKII reached a plateau within 6 s, and after the cessation of uncaging, it was inactivated with two time constants, 6 and 45 s ([Fig. 2a](#F2){ref-type="fig"}). T286A Green-Camuiα was activated much less than wild type, and decayed within 2 s ([Fig. 2a](#F2){ref-type="fig"}). These results indicate that T286 phosphorylation prolongs CaMKII activation and allows the accumulation of activated CaMKII during repetitive glutamate uncaging. To measure how the decay kinetics is regulated by CaMKII activation, we stimulated spines with different numbers of uncaging pulses from 1 to 45 ([Fig. 2b](#F2){ref-type="fig"}). With 45 uncaging pulses, we observed enlargements of spines. Our data indicate that the decay time constants depend on neither the number of stimulations nor the level of the CaMKII activation ([Fig. 2b](#F2){ref-type="fig"}).

Next, we measured the mobility of CaMKII, another determinant of the compartmentalization of CaMKII, using photoactivatable GFP (paGFP; [Fig. 2c, d](#F2){ref-type="fig"}). We used either a Green-Camuiα variant with EGFP replaced by photoactivatable GFP (REACh-CaMKII-paGFP) or paGFP tagged CaMKIIα (paGFP-CaMKII). Following photoactivation of paGFP, green fluorescence decayed due to the diffusion of CaMKIIα out of the spine with two time constants, ∼1 and ∼20 minutes ([Fig. 2c](#F2){ref-type="fig"}). Fluorescence recovery after photobleaching (FRAP) of Green-Camuiα also showed similar recovery time constants ([Supplementary Fig. 5b-c](#SD1){ref-type="supplementary-material"}). We also measured the mobility of CaMKII during structural plasticity by monitoring the decay of REACh-CaMKIIα-paGFP which is photoactivated by glutamate uncaging protocol (6 ms pulse, 45 times). The photoactivated REACh-CaMKIIα-paGFP decayed with the time constants similar to the resting condition ([Fig. 2d](#F2){ref-type="fig"}). Consistent with this spine-dendrite coupling time constant, accumulation of CaMKIIα into spines during the transient phase of structural plasticity was smaller compared to the spine volume change ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). Since the inactivation of CaMKII is faster than its diffusion out of the spine, CaMKII activation must be restricted to the stimulated spine, which agrees with our measurements of CaMKII activity during structural plasticity ([Fig. 1](#F1){ref-type="fig"}).

CaMKII activation during paring-induced LTP {#S3}
===========================================

In the presence of extracellular Mg^2+^, LTP induction in hippocampal CA1 synapses requires coincident postsynaptic depolarization and synaptic activation to release Mg^2+^ block of NMDARs [@R18]. To study the dynamics of CaMKII activation under such condition, we imaged CaMKII activation during LTP induced by pairing postsynaptic depolarization with 2-photon glutamate uncaging in the presence of extracellular Mg^2+^ (1 mM) [@R13] ([Fig. 3](#F3){ref-type="fig"}). We performed whole-cell patch clamp recordings on neurons transfected with Green-Camuiα and mCherry, and measured the postsynaptic current evoked by 2-photon glutamate uncaging (uEPSC) at -65 mV. LTP was induced by pairing uncaging pulses (30 pulses at 0.5 Hz) with postsynaptic depolarization (0 mV). This LTP protocol induced a sustained increase in both uEPSC and spine volume by ∼150%, which was maintained for more than 60 minutes ([Fig. 3c, d](#F3){ref-type="fig"}). In the same LTP protocol, depolarization produced large calcium elevation in spines (2.6 ± 0.5 μM) and in dendritic shafts (2.6 ± 0.5 μM) presumably due to activation of VSCCs [@R19] ([Supplementary Fig. 6a-c](#SD1){ref-type="supplementary-material"}). Although the depolarization was held for more than 1 min, \[Ca^2+^\] decayed rapidly within 2 s [@R20] ([Supplementary Fig. 6b, c](#SD1){ref-type="supplementary-material"}). On top of small residual Ca^2+^ (0.21 ± 0.07 μM), subsequent glutamate uncaging produced calcium transients between 1.8 ± 0.3 μM (first uncaging) and 0.8 ± 0.2 μM (30th uncaging), largely restricted to the heads of the stimulated spines [@R21], [@R22] ([Supplementary Fig. 6b, c](#SD1){ref-type="supplementary-material"}).

In response to depolarization, CaMKII activity increased in dendritic shafts (lifetime change = 0.079 ± 0.018 ns), but less so in spines (0.028 ± 0.010 ns) ([Fig. 3a,b](#F3){ref-type="fig"}). Glutamate uncaging pulses caused additional CaMKII activation in the stimulated spines (0.097 ± 0.014 ns), but not in the adjacent spines ([Fig. 3a,b](#F3){ref-type="fig"}). CaMKII activation in spines and dendritic shafts rapidly decayed within ∼ 2 min. The large gradient of CaMKII activation between spines and dendritic shafts during LTP induction demonstrates the high degree of compartmentalization of CaMKII activation in individual spines ([Fig. 3a,b](#F3){ref-type="fig"}).

Channel specific activation of CaMKII {#S4}
=====================================

It has been reported that Ca^2+^ through VSCCs is required for LTP induced by several protocols [@R19], [@R23]-[@R26]. Therefore, we further characterized the depolarization-induced CaMKII activation with higher temporal resolution (2 s; [Fig. 4](#F4){ref-type="fig"}). We found that CaMKII activation in dendritic shafts increased within 2 s after depolarization, was sustained during the depolarization (16 s), and then decayed rapidly following repolarization ([Fig. 4a](#F4){ref-type="fig"}). Activation of CaMKII in spines (0.034 ± 0.004 ns) was smaller than in dendrites (0.076 ± 0.007 ns). \[Ca^2+^\] during the depolarization decayed within 2 s, and little extra Ca^2+^ remained for more than 10 s (0.21 ± 0.07 μM) ([Supplementary Fig. 6b](#SD1){ref-type="supplementary-material"}). Thus, these results suggest that small sustained increases in \[Ca^2+^\] are sufficient to sustain CaMKII activation during the depolarization for more than ∼10 s. The T286A mutant was inactivated much more rapidly (in less than 4 s) than the wild type during the depolarization ([Fig. 4b](#F4){ref-type="fig"}), indicating that the prolonged activation of CaMKII requires autophosphorylation at T286, and the decay of CaMKII activity after repolarization is due to the dephosphorylation of T286. Bursts of back-propagating action potentials (83 Hz, 0.5 s, 8 times, 2 s interval) also produced similar CaMKII activation in spines and dendrites ([Fig. 4d](#F4){ref-type="fig"}).

Nimodipine, a blocker of L-type VSCCs, abolished CaMKII activation in dendritic spines during depolarization ([Fig. 4c](#F4){ref-type="fig"}). The peak of CaMKII activation in dendritic shafts was not affected by the blockade of L-type VSCCs, but the activity decayed more rapidly ([Fig. 4c](#F4){ref-type="fig"}). Because L-type VSCCs produce only a small fraction of Ca^2+^ in spines and dendritic shafts during cell depolarization ([Supplementary Fig. 6d](#SD1){ref-type="supplementary-material"}), L-type VSCC-dependent CaMKII activation presumably occurs in the nanodomain at the mouth of L-type VSCCs [@R4], [@R27], [@R28]. Also, global Ca^2+^ elevation by opening of non-L-type VSCCs did not activate CaMKII in spines ([Fig. 4c](#F4){ref-type="fig"}), although it is as large as uncaging evoked Ca^2+^ elevation ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). This result suggests that global Ca^2+^ elevation alone is insufficient to activate CaMKII in spines.

To further test the hypothesis of the nanodomain activation of CaMKII, we performed whole-cell patch clamp using a pipette including Ca^2+^ chelators: EGTA or BAPTA. BAPTA and EGTA have similar dissociation constants to Ca^2+^, but the binding rate of BAPTA is ∼100 times higher [@R29]. Thus, EGTA inhibits global Ca^2+^ over nanodomain Ca^2+^ more selectively than BAPTA does [@R29]. The activation of CaMKII induced by depolarization was inhibited by BAPTA much more effectively compared to the same concentration of EGTA ([Fig. 5a-f](#F5){ref-type="fig"}), suggesting that nanodomain Ca^2+^ near calcium channels is sufficient to activate CaMKII both in spines and dendrites. With EGTA loaded in neurons, depolarization induced larger CaMKII activation in spines, suggesting that there is global Ca^2+^-dependent CaMKII inactivation ([Fig. 5b, c](#F5){ref-type="fig"}). Slower CaMKII activation kinetics in the presence of EGTA ([Fig. 5b, c](#F5){ref-type="fig"}) are presumably caused by smaller Ca^2+^-dependent inactivation combined with smaller activation per unit time due to reduced Ca^2+^ elevation. Unlike depolarization-induced CaMKII activation, EGTA and BAPTA both similarly reduced glutamate-uncaging induced CaMKII activation ([Fig. 5g-i](#F5){ref-type="fig"}), suggesting that nanodomain Ca^2+^ alone is not sufficient for uncaging-induced CaMKII activation.

Discussion {#S5}
==========

In this study, we visualized CaMKII activation in single dendritic spines during LTP. Using this method, we demonstrated that CaMKII activation is largely restricted to the stimulated spine during LTP induced by 2-photon glutamate uncaging (**Figs**. [1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}). This suggests that CaMKII activation is important for the synapse specificity of LTP. This finding is in contrast to the activation of Ras, which is another molecule essential for LTP induction [@R30]. In response to LTP-inducing stimuli, Ras is activated in stimulated spines, and then activated Ras spreads over ∼ 10 μm of dendritic length and invades nearby spines by diffusion [@R10]. The restricted CaMKII activation can be explained by the rapid CaMKII inactivation in spines and dendrites (∼ 5 s and ∼ 1 min: **Figs**. [2a, b](#F2){ref-type="fig"}, [4a](#F4){ref-type="fig"}) and slow spine-dendrite diffusion coupling (∼ 1 and ∼ 20 min: [Fig. 2c, d](#F2){ref-type="fig"}) [@R31]: activated CaMKII at the stimulated spine gets inactivated before it diffuses out of the spine. In contrast, Ras inactivation is much slower (∼ 5 min) and spine-dendrite coupling time constant is smaller (∼ 5 s) [@R10]. This allows activated Ras to spread and invade nearby spines before it gets inactivated. Because CaMKII and Ras act in parallel pathways to induce LTP [@R10], the spine specificity of LTP may be produced by CaMKII, while Ras may be permissive for LTP and responsible for dendritic level signalling such as the regulation of threshold for LTP induction [@R10], [@R14].

Rapid inactivation of CaMKII during LTP induction (**Figs**. [1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}) is consistent with previous studies showing that persistent activation of CaMKII is not required for LTP maintenance [@R32], [@R33]. However, this appears inconsistent with biochemical studies demonstrating that T286 phosphorylation is sustained after LTP induction [@R34], [@R35] . This discrepancy may be due to the difference in sample preparation (acute slices vs. cultured slices), in the population of CaMKII measured (whole lysate including soma vs. single synapses) or in stimulation paradigms: most of the previous biochemical studies used strong stimulations to induce LTP in a large number of synapses, whereas we induced LTP in a single synapse. Alternatively, only the subpopulation of CaMKII subunits that bind to NR2B subunit of NMDARs may maintain their activity [@R3], [@R36]. Given that there is more CaMKII than NMDARs in the PSD [@R37], the subpopulation of CaMKII that undergoes persistent activation may be below the detection threshold of our method.

We found that T286 phosphorylation is required for high CaMKII activation in response to repetitive 2-photon uncaging (**Figs**. [1b](#F1){ref-type="fig"}, [2a](#F2){ref-type="fig"}). \[Ca^2+^\] transients last only ∼0.2 s after each uncaging ([Supplementary Fig. 6a-c](#SD1){ref-type="supplementary-material"}), due to strong Ca^2+^ extrusion in spines and dendrites [@R17]. Thus, Ca^2+^ / CaM should dissociate from CaMKII rapidly after these stimulations as indicated in the activation time course of T286A Green-Camuiα (**Figs**. [2a](#F2){ref-type="fig"}, [4b](#F4){ref-type="fig"}). The phosphorylation of T286 prolongs the activation of CaMKII by ∼ 5 s (**Figs**. [2a](#F2){ref-type="fig"}, [4a](#F4){ref-type="fig"}), and allows for the accumulation of activated CaMKII during repetitive uncaging ([Fig. 2a](#F2){ref-type="fig"}).

Our imaging results indicate that CaMKII activation in dendritic spines and dendritic shafts are regulated by different Ca^2+^ sources in response to cell depolarization: CaMKII in dendritic spines is activated specifically by L-type VSCCs, while CaMKII in dendritic shafts is activated mostly by non-L-type channels in addition to a small contribution from L-type VSCCs ([Fig. 4](#F4){ref-type="fig"}). Because L-type VSCCs do not contribute to the global Ca^2+^ in spines and in dendritic shafts ([Supplementary Fig. 6d](#SD1){ref-type="supplementary-material"}), the L-type VSCC dependent activation of CaMKII must be produced in the nanodomain at the mouth of L-type VSCCs [@R4], [@R27], [@R28]. Experiments using Ca^2+^ chelators with different binding rate ([Fig. 5a-f](#F5){ref-type="fig"}) also suggest that nanodomain Ca^2+^ at calcium channels is sufficient for CaMKII activation in response to cell depolarization both in spines and dendrites. Because L-type VSCCs are required for hippocampal LTP induced by several protocols [@R19], [@R23]-[@R26], CaMKII activation by L-type VSCCs, although smaller than that by NMDARs (**Figs**. [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}), is likely to be important for the modulation of LTP.

Unlike CaMKII activation in response to depolarization, nanodomain Ca^2+^ alone was insufficient for NMDAR-mediated CaMKII activation ([Fig. 5g-i](#F5){ref-type="fig"}). Because global Ca^2+^ elevation through non-L-type VSCCs, although it is as high as and longer-lasting than uncaging-evoked \[Ca^2+^\] elevation ([Supplementary Fig. 6d](#SD1){ref-type="supplementary-material"}), was not sufficient to activate CaMKII in spines ([Fig. 4c](#F4){ref-type="fig"}), NMDAR-mediated CaMKII activation presumably requires both global and nanodomain Ca^2+^. Thus, CaMKII activation mechanisms depend on channels from which Ca^2+^ influx occurs. The difference may be due to different CaM localization near channels. Also, the dynamics of Ca^2+^-dependent protein phosphatase activity are likely to be important in shaping the spatiotemporal dynamics of CaMKII ([Fig. 5a-f](#F5){ref-type="fig"}).

Most LTP induction protocols involve postsynaptic depolarization [@R18], which alone can produce large Ca^2+^ in spines ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}) [@R19]. However, it had remained a mystery why postsynaptic depolarization alone cannot induce synapse non-specific LTP [@R18], [@R19]. Our results demonstrate that depolarization activates only a subset of CaMKII that interact with L-type VSCCs, which presumably is insufficient for LTP induction [@R38]. Thus, local Ca^2+^-mediated, channel specific CaMKII activation in spines play an important role in the induction of synapse-specific LTP.

Methods summary {#S6}
===============

Green-Camuiα was made from Camuiα [@R5] by replacing ECFP with mEGFP and Venus with REACh (Venus~A206K,T145W~ [@R7], [@R39]). Hippocampal cultured slices were prepared from postnatal day 6-8 rats as described [@R40]. Neurons were sparsely transfected with Green-Camuiα and mCherry using ballistic gene transfer [@R11] at days in vitro 8-14, and imaged 2-5 days after transfection. CaMKII activity was measured using 2pFLIM and spine volume change was monitored by measuring the fluorescence intensity of mCherry (red) in spines using regular 2-photon microscopy [@R9], [@R10]. Statistical tests were performed using ANOVA followed by the least significant difference post-hoc tests. All error bars indicate s.e.m.
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Methods {#S8}
=======

Constructs {#S9}
----------

Camuiα (Venus-CaMKIIα-CFP) and short-hairpin (sh-) RNA against CaMKIIα was kindly provided by Dr. Y. Hayashi [@R5]. Green-Camuiα was made by exchanging Venus with REACh (Venus [@R41] with monomeric mutation, A206K [@R6] and dark mutation, T145W [@R7], [@R39], [@R42]) and CFP with mEGFP (EGFP~A206K~) [@R39].

Preparation {#S10}
-----------

Hippocampal slice cultures were prepared from postnatal day 6 or 7 rats, as described [@R40]. After 9-14 days in culture, cells were transfected with ballistic gene transfer [@R11] using gold beads (9-11 mg) coated with plasmids containing cDNA of Green-Camui (35 μg) and mCherry (16 μg). We used one neuron per one slice for most of our experiments. Samples were prepared in accordance with the animal care and use guidelines of Duke University Medical Center.

Imaging {#S11}
-------

Details of FRET imaging using 2pFLIM have been described previously [@R9], [@R39]. Green-Camuiα and mCherry were simultaneously excited with a Ti:Sapphire laser tuned at 900 or 920 nm [@R39]. Both epi- and trans- fluorescence were used for the detection. The fluorescence was divided with a dichroic mirror (565 nm) and detected with PMTs placed after wavelength filters (Chroma, HQ510/70-2p for green and HQ620/90-2p for red). For fluorescence lifetime imaging in the green channel, PMT with low transfer time spread (H7422-40; Hamamatsu) placed at epi-fluorescence site. For intensity imaging, wide aperture PMTs were used (R3896; Hamamatsu). Fluorescence lifetime image was produced on a PCI board (SPC-730; Becker-Hickl) controlled with custom software written using Matlab 7.0.

Fluorescence lifetime image analysis {#S12}
------------------------------------

Fluorescence lifetime of Green-Camuiα should have at least three components including open conformation, close conformation, and donor with unfolded acceptor [@R9]. Thus, it is difficult to make a complete model and perform curve fitting. Instead, the mean fluorescence lifetime averaged over multiple populations *τ~m~* was measured from the mean photon arrival time \<*t*\> as follows [@R9]: $$\tau_{m} = \left\langle t \right\rangle - t_{0} = \frac{\int dt \cdot tF\left( t \right)}{\int dt \cdot F\left( t \right)} - t_{0},$$ where *F*(*t*) is the fluorescence lifetime decay curve ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}), *t* is time, and *t*~0~ is the offset. We estimated the offset *t*~0~ before each experiment by fitting fluorescence lifetime decay curve of Green-Camuiα expressed in a neuron with double exponential function and comparing \<*t*\> with the fluorescence lifetime averaged over two populations as follows: $$t_{0} = \frac{\int dt \cdot tF\left( t \right)}{\int dt \cdot F\left( t \right)} - \tau_{m}\sim\frac{\int dt \cdot tF\left( t \right)}{\int dt \cdot F\left( t \right)} - \frac{P_{1}\tau_{1}^{2} + P_{2}\tau_{2}^{2}}{P_{1}\tau_{1} + P_{2}\tau_{2}},$$ where *P*~1~ and *P*~2~ are the fraction and τ~1~ and τ~2~ are fluorescence lifetime of the two populations obtained by fitting. Change in fluorescence lifetime is independent of *t*~0~, therefore it depends on neither model nor curve fitting.

The fluorescence lifetime of Green-Camuiα in spines under resting condition was 1.82 ± 0.02 ns for wildtype (samples in [Fig. 1](#F1){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"} pooled together), 1.84 ± 0.02 ns for T286A ([Fig. 1](#F1){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}) and 1.81 ± 0.03 ns for T305D ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). The fluorescence lifetime under resting condition in the presence of pharmacological drugs was 1.77± 0.06 ns for AP5 ([Fig. 1](#F1){ref-type="fig"}), 1.67 ± 0.03 ns for KN62 ([Fig. 1](#F1){ref-type="fig"}), 1.81 ± 0.02 ns for Nimodipine ([Fig. 4](#F4){ref-type="fig"}), 1.80 ± 0.01 ns for 1 - 20 mM EGTA ([Fig. 5](#F5){ref-type="fig"}), and 1.83 ± 0.02 ns for 1 - 20 mM BAPTA ([Fig. 5](#F5){ref-type="fig"}). Thus, most of the drugs we used in this study did not change the fluorescence lifetime, except that KN62 decreased the fluorescence lifetime significantly (*p* \< 0.05, comparison between control and KN62 for samples in [Fig. 1](#F1){ref-type="fig"}).

2-photon glutamate uncaging {#S13}
---------------------------

A laser tuned at 720 nm was used to uncage MNI-caged glutamate (2 mM) in extracellular solution. The same galvano-scanning mirrors were used to steer both imaging and uncaging lasers. The laser spot was steered to the tip of a spine image ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}), and 4-6 ms pulses at 4 mW were applied to stimulate glutamate receptors on the spine. This produced 2-20 pA postsynaptic current ([Fig. 3d](#F3){ref-type="fig"}, [Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). The resolution of glutamate uncaging was ∼ 1 μm ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). The evoked current weakly depends on the distance between the tip of spine and the centre of uncaging spot ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). The intensity of the laser was modulated by a pockels cell (Con-Optics). For LTP experiment ([Fig. 3](#F3){ref-type="fig"}), the uncaging spot was relocated before each uncaging session (each session includes 4 trials of glutamate uncaging at 0.2 Hz. The session was repeated every 10 minutes, [Fig. 3c](#F3){ref-type="fig"}). Series and input resistance was continuously monitored, and if they change more than 20 %, the measurements were rejected from further analysis. To induce structural plasticity of spines (**Figs**. [1](#F1){ref-type="fig"}, [2b, d](#F2){ref-type="fig"}, [5g-i](#F5){ref-type="fig"}), we used ACSF (130 mM NaCl, 2.5 mM KCl, 2 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~ and 25 mM glucose) containing 4 mM CaCl~2~, 1μM TTX and 2 mM MNI-caged-L-glutamate at 25 - 27 °C. To induce LTP with the pairing protocol, we added 1 mM MgCl~2~.

Fluorescence recovery after photo-bleaching (FRAP) and photoactivation {#S14}
----------------------------------------------------------------------

For FRAP ([Supplementary Fig. 4b-c](#SD1){ref-type="supplementary-material"}), spine fluroescence was photo-bleached by parking the imaging laser (tuned at 920 nm) for 1 - 8 s at a spine of interest. To activate photoactivatable GFP (paGFP; [Fig. 2c, d](#F2){ref-type="fig"}), the uncaging laser (tuned at 800 nm) was parked for 20 ms at a spine of interest.

Electrophysiology {#S15}
-----------------

Whole-cell patch clamp was performed with patch pipettes (4-9 MΩ). We used cells with series resistance lower than 25 MΩ for experiments. To induce LTP with the pairing protocol ([Fig. 3](#F3){ref-type="fig"}) or to induce cell depolarization (**Figs**. [4a-d](#F4){ref-type="fig"}, [5a-f](#F5){ref-type="fig"}), we performed experiments in a voltage-clamp mode using Cs^+^ internal solution (130 mM CsMeSO~3~, 10 mM Na-phosphocreatine, 4 mM MgCl~2~, 4 mM Na~2~-ATP, 0.4 mM Na~2~-GTP, 10 mM Cs-HEPES \[pH 7.3\]). To induce back-propagating action potentials ([Fig. 4d](#F4){ref-type="fig"}), we injected 4 nA, 4 ms current pulses in a current-clamp mode using K^+^ based internal solution (Cs^+^ was substituted with K^+^) and ACSF with 4 mM CaCl~2~, 4 mM MgCl~2~, 100 μM APV and 10 μM NBQX. For experiments using BAPTA or EGTA ([Fig. 5](#F5){ref-type="fig"}), we started imaging ∼ 15 min after establishing the whole-cell patch clamp with pipette including BAPTA or EGTA. Depolarization ([Fig. 5a-f](#F5){ref-type="fig"}) and glutamate uncaging ([Fig. 5g-i](#F5){ref-type="fig"}) were performed in voltage and current clamp modes, respectively. To prepare internal solution with 1, 5 and 20 mM EGTA or BAPTA ([Fig. 5](#F5){ref-type="fig"}), we prepared 100 mM K-EGTA and K-BAPTA (pH 7.3), and mixed 1%, 5% and 20% volume of this solution and 99 %, 95 % and 80 % volume of Cs^+^- ([Fig. 5a-f](#F5){ref-type="fig"}) or K^+^- ([Fig. 5g-i](#F5){ref-type="fig"}) based internal solution, respectively. Then, we re-adjusted the osmolarity to 290-300 and pH to 7.3.

Calcium imaging {#S16}
---------------

Ca^2+^ imaging ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}) was performed as described previously [@R43]. We performed whole-cell patch clamp to a neuron in a cultured hippocampal slice using an electrode containing Ca^2+^-sensitive green dye (500 μM Fluo-4FF) and Ca^2+^-insensitive red dye (300 μM Alexa-594) in Cs^+^ internal solution. Images were acquired every 32 ms ([Supplementary Fig. 6a-c](#SD1){ref-type="supplementary-material"}) or 256 ms ([Supplementary Fig. 6d](#SD1){ref-type="supplementary-material"}). The ratio of the fluorescence change of green normalized to red signal average over an imaging session (Δ*G*/*R*) was used as a measure of the \[Ca^2+^\] transient. Both fluorophores were simultaneously excited with a Ti:Sapphire laser tuned at 920 nm. The change in \[Ca^2+^\] (Δ\[Ca^2+^\]) was measured as: $$\Delta\left\lbrack {Ca}^{2 +} \right\rbrack = \frac{\left( \Delta G/R \right)K_{D}}{\left( G/R \right)_{\mathit{sat}}},$$ where (*G*/*R*)~sat~ is the ratio of green and red signals at saturating Ca^2+^ (10 mM) measured in a pipette, and *K*~D~ is 10.4 μM for Fluo-4FF [@R43].

Measurements of the concentration of Green-Camuiα in cells {#S17}
----------------------------------------------------------

To measure the concentration of mEGFP-CaMKII or Green-Camuiα in neurons, we measured the fluorescence intensity of mEGFP at thick dendrites of neurons under 2-photon microscopy relative to the brightness of purified mEGFP (1 μM) measured under the same imaging setup. When measuring objects larger than 2-photon excitation volume (∼0.9 femtoliter), the brightness should be proportional to the concentration of fluorophores. We overexpressed mEGFP tagged with poly-histidine tag (His~6~) (pRSET-His~6~-mEGFP) in *Escherichia coli* and purified them using a Nickel-NTI affinity column. The concentration of the purified protein was measured by the absorbance of mEGFP (A~489~ = 56,000 cm^-1^M^-1^) [@R44]. For Green-Camuiα, because FRET reduces its green fluorescence, we corrected for this effect by multiplying τ~mEGFP~ / τ~Green-Camuiα~ ∼1.4, where τ~mEGFP~ and τ~Green-Camuiα~ is the fluorescence lifetime of mEGFP (2.6 ns) and Green-Camuiα (1.8 ns), respectively.

In vitro fluorescence lifetime assay {#S18}
------------------------------------

To measure fluorescence lifetime of Green-Camuiα in cell lysates ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), we transfected HEK-293 cells with Green-Camuiα using Lipofectamine 2000. Cells were lysed with a solution containing 40mM HEPES (pH 8.0), 0.1mM EGTA, 5mM Magnesium Acetate, 0.01% Tween 20, and concentrated with a centrifugal filter (Microcon, Millipore) to remove CaM and ATP. The lysate was diluted to 15 times in 136.5 mM potassium gluconate, 17.5 mM KCl, 9 mM NaCl, 1 mM MgCl~2~, 0.2 mM EGTA, 10 mM HEPES-KOH (pH 7.2). We measured the fluorescence lifetime in response to increased free \[Ca^2+^\] by adding 0.5 mM CaCl~2~ and then reduced free \[Ca^2+^\] by adding 2 mM EGTA.

Immunofluorescence imaging {#S19}
--------------------------

Slices were transfected with Green-Camuiα (or mEGFP-CaMKIIα) and empty vector, which substitutes mCherry. In parallel experiments shRNA against CaMKIIα (35 μg) and mEGFP (16 μg) were used to verify the specificity of immunostaining. Slices were fixed in 4 % paraformaldehyde plus 4 % sucrose (in 0.1 M phosphate buffer) for 15 minutes followed by incubation in 30 % sucrose for 15 minutes at room temperature. Slices were then re-sectioned using a vibratome at a thickness of 25 μm. The sections were permeabilized and blocked overnight at 4° C in 1% Triton-X100 plus 5% normal goat serum, followed by 30 minutes blocking in 10% goat serum (in 0.1 M phosphate buffer). Immunostaining was performed for 24 hours at 4° C using as primary antibody mouse anti-CaMKIIα (GeneTex Inc., San Antonio, TX) diluted 1:400 in 5% goat serum in PBS-T (phosphate buffer saline plus 0.1% Triton-X100). After 3 washings (20 minutes each) in PBS-T, sections were incubated with a Texas-red conjugated goat anti-mouse secondary antibody (Invitrogen/Molecular Probes) diluted 1:400 in 10% normal goat serum in PBS-T. The immunofluorescence was quantified under 2-photon microscopy in cell body excluding nucleus ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). The value was subtracted by the dark noise of photomultiplier. There was a few percent of bleed-through of mEGFP fluorescence to the red channel. To correct this effect, we measured the ratio (*r*) between the red and green fluorescence of mEGFP fluorescence using a purified mEGFP. Then, the bleed-through was corrected as: $$I_{\text{Texas-red}} = I_{\text{Red}} - rI_{\text{Green}},$$ where *I*~Red~ and *I*~Texas-red~ are the immunofluorescence before and after the correction, and *I*~Green~ is mEGFP fluorescence in the green channel.

Immunoprecipitation {#S20}
-------------------

HEK-293 cells were transfected with Green-Camuiα and/or CaMKIIα using Lipofectamine 2000. Cells were lysed in a buffer containing 20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 0.5% deoxycholic acid, 25 mM beta-glycerophosphate, 1 mM sodium orthovanadate, 2 mM sodium-pyrophosphate, 2 mM EDTA, 1 mM sodium fluoride, 0.5 mM DTT, EDTA-free protease inhibitor cocktail (Roche) and incubated for 30 min at 4°C. The supernatants were collected after a 30 min microfuge centrifugation at 13,000 rpm at 4°C. After precleaning with protein A-Sepharose (Sigma, St. Louis, MO), samples were incubated with 5 μg/sample of mouse monoclonal anti-Green Fluorescent Protein antibody (MBL, Nagoya, Japan) or mouse non-immune IgG (Jackson Laboratories, ME) at 4°C overnight. The immunocomplexes were precipitated with protein G-Sepharose beads (Sigma, St. Louis, MO) for 1 h at 4°C and analyzed by Western blotting ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}).

Fluctuation Correlation Spectroscopy (FCS) {#S21}
------------------------------------------

FCS was performed under a 2-photon microscope with a Ti:Sa laser tuned at 900 nm at 25-27°C [@R45]. Fluorescence signal was detected with a photomultiplier (PMT; H7422-40, Hamamtsu), and acquired with a PCI board (SPC-140; Becker-Hickl). HEK293 cells were transfected by Lipofectamine 2000, allowed to express for 2 days, lysed in a solution containing 40mM HEPES (pH 8.0), 0.1mM EGTA, 5mM Magnesium Acetate, 0.01% Tween 20, and diluted to 10-100 times in a solution containing 10 mM Na-HEPES (pH 7.4), 150 mM NaCl and 0.1 mM EGTA.

![Simultaneous measurements of CaMKII activation and structural plasticity in single spines using 2pFLIM combined with 2-photon glutamate uncaging\
**a**, Fluorescence lifetime images of Green-Camuiα during the induction of spine structural plasticity by 2-photon glutamate uncaging in the absence of extracellular Mg^2+^. Longer lifetimes imply increased activity. The white arrowhead indicate the location of uncaging laser spot.\
**b**, Averaged time course of fluorescence lifetime change of Green-Camuiα in the stimulated spine (indicated as "Stim") and adjacent spines ("Adj", within 5 μm of stimulated spine). Data using pharmacological inhibitors and T286A mutant Green-Camuiα are also shown. The number of samples (spines / neurons) is 35 / 30 for stimulated spines, 29 / 28 for adjacent spines, 5 / 4 for AP5, 7 / 5 for KN62 and 18 / 11 T286A. Right panel: closer view of fluorescence lifetime change during uncaging.\
**c**, Averaged time course of spine volume change in stimulated spines and adjacent spines. Right: closer view of the volume change.\
**d**, CaMKII activation (averaged over 0 - 40 s or first 5 points). Stars denote statistical significance between control and others (*p* \< 0.05).\
**e**, Transient volume change (volume change averaged over 1.5 - 2 min subtracted by that averaged over 25 - 30 min) [@R13].\
**f**, Sustained volume change (volume change averaged over 25 - 30 min).](nihms-103017-f0001){#F1}

![Measurements of parameters that determine spine-specificity: inactivation kinetics and mobility of CaMKII\
**a**, Measurements of CaMKII activation and inactivation following brief stimulation (8 pulses, 0.5 Hz) of spines using wild type and T286A Green Camuiα in zero extracellular Mg^2+^. These experiments were performed in an interleaved manner. The solid cyan curve indicates double exponential functions obtained by fitting to wild type data (time constants: 6 s \[80%\] and 45 s \[20%\]). The dashed cyan curve indicates single exponential function with 1 s time constant. The number of samples (spines / neurons) is 25 / 5 for wild type and 28 / 4 for T286A.\
**b**. CaMKII inactivation kinetics following different number of uncaging pulses (1, 8 and 45 pulses, 0.5 Hz). Data were fitted with double exponential functions (cyan curves). The time constants were 9.3 s (71%) and \> 100 s (29 %) for 1 pulse, 4.7 s (61 %) and 136.6 s (39 %) for 8 pulses, 4.5 s (61 %) and 102 s (39 %) for 45 pulses. The number of samples (spines / neurons) is 28 / 9 (1 pulses), 16 / 8 (8 pulses) and 13 / 7 (45 pulses).\
**c**, Measurements of spine-dendrite coupling of CaMKII using photoactivatable GFP (paGFP). We used Green-Camuiα with mEGFP replaced by paGFP (REACh-CaMKIIα-paGFP) or paGFP-CaMKIIα. Top panel: Green and red fluorescence before and after photoactivation in a neuron expressing REACh-CaMKIIα-paGFP (green) and mCherry (red). Bar, 1 μm. Bottom panel: Averaged time course of the ratio of red and green. Signal was normalized to the peak fluorescence change. The first point is 1 s after the photoactivation. By fitting with double exponential functions, the decay time constants was obtained as 1.3 min (48 %) and 17.0 min (52 %) for REACh-CaMKIIα-paGFP (cyan solid curve), and 1.0 minutes (53 %) and 20.7 minutes (47 %) for paGFP-CaMKIIα (cyan dashed curve). The number of samples (spines / neurons) is 15 / 5 (REACh-CaMKIIα-paGFP) and 22 / 9 (paGFP-CaMKIIα).\
**d**. Spine-dendrite coupling of Green-Camuiα during structural plasticity. During glutamate uncaging (720 nm, 6 ms, 45 pulses in Mg^2+^ free solution), REACh-CaMKIIα-paGFP can be photoactivated. We subtracted the normalized red fluorescence from the normalized green fluorescence, assuming that the small baseline fluorescence of REACh-CaMKIIα-paGFP behaves similarly to mCherry fluorescence change (see [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). By fitting with double exponential functions (cyan curve), the decay time constants were obtained as 1.6 min (82 %) and 15.3 min (18 %). The number of samples (spines / neurons) is 10 / 7.](nihms-103017-f0002){#F2}

![Imaging CaMKII activation during LTP induction by 2-photon glutamate uncaging paired with postsynaptic depolarization\
**a**, Fluorescence lifetime images of Green-Camuiα during the induction of LTP by 2-photon glutamate uncaging paired with postsynaptic depolarization.\
**b**, Averaged time course of fluorescence lifetime change of Green-Camuiα in the stimulated spine, adjacent spines (within 5 μm of stimulated spine), and dendritic shaft close to the stimulated spine. Right: closer view of fluorescence lifetime change during uncaging. Average of 8 stimulated spines, 13 adjacent spines and 8 dendrites from 8 neurons. Plot of stimulated spines is noisier due to smaller number of samples. Plots of stimulated spines in **b - d** are from the same spines.\
**c**, Averaged time course of changes in spine volume and the amplitude of uncaging-evoked EPSC at -65 mV (uEPSC) in the stimulated spine and adjacent spines (within 5 μm). For uEPSC, each point is average of four trials at 5 s intervals. Uncaging spot was relocated to the tip of spines before each four trial measurement.\
**d**, uEPSC at single spines before and 60 minutes after LTP induction (average of 4 trials, filtered with 2 ms window).](nihms-103017-f0003){#F3}

![Differential activation of CaMKII in spines and dendrites by postsynaptic depolarization\
**a**, High temporal resolution measurements of the fluorescence lifetime change of Green-Camuiα in spines and dendrites in response to postsynaptic depolarization (0 mV, 16 s, indicated by the bar) in spines (red) and dendritic shafts (black). Average of 53 spines and 30 dendrites from 12 neurons. The cyan lines are a double exponential function obtained by fitting. The time constants are 11.3 s (84 %) and \> 300 s (16%) for spines, and 6.8 s (60 %) and 43.7 s (40 %) for dendrites.\
**b**, Fluorescence lifetime change of T286A mutant of Green-Camuiα. Average of 19 spines and 14 dendrites from 8 neurons.\
**c**, Fluorescence lifetime change of Green-Camuiα in the presence of L-type VSCC inhibitor (20 μM Nimodipine). Average of 22 spines and 15 dendrites from 7 neurons.\
**d**, Bursts of back-propagating action potentials (bAP) induced CaMKII activation at proximal dendrites (\< 100 μm). We applied 8 bAP bursts, each 83 Hz for 0.5 s, at 2 s intervals. Average of 22 spines and 12 dendrites from 7 neurons).](nihms-103017-f0004){#F4}

![Effects of Ca^2+^ chelators on CaMKII activation\
**a-e**, Fluorescence lifetime change of Green-Camuiα in spines and dendrites in response to postsynaptic depolarization (0 mV, 0 - 16 s, indicated by the black bar) in spines (red) and dendritic shafts (black) in neurons patch-clamped with electrodes containing no Ca^2+^ chelator (**a**), 5 mM EGTA (**b**), 20 mM EGTA (**c**), 5 mM BAPTA (**d**) or 20 mM BAPTA (**e**). Number of samples (spines / dendrites / neurons) is 18 / 11 / 6 for control (**a**), 29 / 14 / 7 for 5 mM EGTA (**b**), 15 / 7 / 4 for 20 mM EGTA (**c**), 21 / 7 / 5 for 5 mM BAPTA (**d**) and 18 / 7 / 4 for 20 mM BAPTA (**e**). Imaging was performed more than 15 min after establishing whole-cell patch.\
**f**, Dependence of fluorescence lifetime change (averaged over 0 - 16 s) by depolarization on Ca^2+^ chelator concentration (EGTA: closed circle, BAPTA: open circle, red: spine, black: dendrite). Fluorescence lifetime was normalized to control.\
**g-h**, Fluorescence lifetime change of Green-Camuiα in response to glutamate uncaging (6 ms, 45 stimuli in zero extracellular Mg^2+^) in neurons patch-clamped with electrodes containing 1 - 20 mM EGTA (**g**), 1 - 5 mM BAPTA (**h**) in a current-clamp mode. Controls are measured in the same neurons before patch-clamp. Patch-clamping with internal solution without Ca^2+^ chelator did not alter fluorescence lifetime change ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Number of samples (spines / neurons) is 22 / 9 for control in **g**, 12 / 3 for 1 mM EGTA, 15 / 3 for 5 mM EGTA, 17 / 3 for 20 mM EGTA, 16 / 7 for control in **h**, 17 / 4 for 1 mM BAPTA, 14 / 3 for 5 mM BAPTA.\
**i**, Dependence of fluorescence lifetime change (averaged over 0 - 40 s) induced by glutamate uncaging on Ca^2+^ chelator concentration (EGTA: open circle, BAPTA: closed circle). Fluorescence lifetime was normalized to control.](nihms-103017-f0005){#F5}
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